Purpose Disc herniation risk is quadrupled following spaceflight. This study tested the hypothesis that swellinginduced disc height increases (comparable to those reported in spaceflight) stiffen the spine and elevate annular strain and nuclear pressure during forward bending. Methods Eight human lumbar motion segments were secured to custom-designed testing jigs and subjected to baseline flexion and compression and pure moment flexibility tests. Discs were then free-swelled in saline to varying supraphysiologic heights consistent with prolonged weightlessness and re-tested to assess biomechanical changes. Results Swelling-induced disc height changes correlated positively with intradiscal pressure (p \ 0.01) and stiffening in flexion (p \ 0.01), and negatively with flexion range of motion (p \ 0.05). Swelling-induced increases in disc height also led to increased annular surface strain under combined flexion with compression. Disc wedge angle decreased with swelling (p \ 0.05); this loss of wedge angle correlated with decreased flexion range of motion (R 2 = 0.94, p \ 0.0001) and decreased stiffness fold change in extension (p \ 0.05). Conclusion Swelling-induced increases in disc height decrease flexibility and increase annular strain and nuclear pressure during forward bending. These changes, in combination with the measured loss of lordotic curvature with disc swelling, may contribute toward increased herniation risk. This is consistent with clinical observations of increased disc herniation rates after microgravity exposure and may provide the basis for future countermeasure development.
Introduction
Astronauts experience a 4.3-fold increase in herniated nucleus pulposus (HNP) incidence following spaceflight despite preventative measures and ongoing research [1] . HNP occurs when the annulus is overloaded in tension as the spinal motion segment is flexed while being compressed, and pressure forces nuclear material entirely or partially through the damaged region, most commonly the posterolateral annulus [2] . HNP often results in debilitating pain, and ultimately may require surgery. While many conditions can cause HNP via a multitude of mechanisms, the clinical experience implicates spinal flexion movements, while most in vitro reproductions in cadavers require a combination of compression plus flexion [3] [4] [5] .
A plausible biomechanical mechanism of increased HNP risk post-spaceflight is as follows: lack of gravity reduces spinal loading and causes intervertebral discs to swell, increasing pressure in the nucleus pulposus and tension in the annulus fibrosus, thereby elevating HNP risk during spinal movements when gravity loading is restored. This premise is supported by observations that reduced spinal compression during bed rest causes increases in disc water content of about 10 %, leading to increased disc height and swelling [6] . This swelling increases the disc's resistance to bending and decreases the spine's range of motion (ROM), and is thought to increase the risk of injury in the early morning [7] . Spinal unloading and disc swelling persist for longer durations during spaceflight, contributing to a 4-6 cm gain in stature-twice that observed on Earth during sleep [8] . Despite a multitude of studies of terrestrial mechanisms, the precise etiology of disc HNP following spaceflight remains unknown due to inherent study limitations and lack of spaceflight and post-flight recovery data.
The overall objective of this current study was to determine the influence of supraphysiologic swelling of the human lumbar disc on motion segment mechanics. This was accomplished by testing the hypotheses that supraphysiologic swelling and concomitant disc height changes cause: (1) increased bending stiffness and decreased ROM; (2) increased collagen fiber strains in the posterolateral annulus during flexion with compression; and (3) increased intradiscal pressure. The biomechanical responses of human cadaver lumbar motion segments were tested before and after swelling in physiologic saline to induce a range of disc height increases spanning the range reported for space flight.
Materials and methods

Specimen preparation
Human subjects committee approval was granted for in vitro tests of cadaveric human lumbar spines acquired through the UCSF willed body program. Eight fresh-frozen human lumbar segments (L2/3 or L4/5) from five donors (2 females, 3 males, age range 51-76) were thawed and cleaned of paraspinal musculature, while preserving bony, capsular, and ligamentous tissue. In each motion segment, the cranial and caudal vertebral bodies were individually embedded in urethane casting resin (Smooth-On, Easton, PA, USA) in such a way as to ensure a vertical spinal axis and permit unconstrained intervertebral motion. The caudal vertebral encasement was secured to a custom-designed test-rig base plate (Fig. 1) . The cranial vertebra was fastened to one of two fixtures for the strain and flexibility tests.
Protocol overview
Motion segments were thawed overnight and placed in a 4°C saline bath for 2 h prior to testing to offset any differences in disc height upon fresh-freezing. Using fluoroscopy, disc height was calculated as the average of the posterior and anterior disc heights, and wedge angle was calculated as the angle formed by the superior and inferior endplates in the sagittal plane. Each specimen first underwent strain and flexibility tests (in randomized order) with unaltered disc hydration states. Between tests, specimens were replaced in the saline bath for 2 h to recover water loss during prior testing. After baseline flexibility and strain tests, each specimen was free-swelled in a 4°C saline bath for between 40 and 93 h (mean 64.6 h) to achieve a range of hydration levels. Discs with a greater extent of degeneration were allowed to equilibrate for longer durations to account for degenerative variations in swelling pressure. Swelled specimens were imaged and retested according to the same protocol.
Strain testing
Each specimen underwent a combination of flexion and compression to impose eight postural configurations (Table 1) . Compressive loads were chosen as fractions of torso weight (TW), where TW was 60 % of the estimated body weight above L3/L4 for our cadaveric sample demographic (400 N). We additionally adjusted the applied load for each sample so as to achieve an equivalent compressive stress (0.3 MPa), where individual disc cross sections were approximated as ellipses formed by the major and minor axes of the inferior endplate as measured via fluoroscopy (Table 2 ). Postural configurations 1-5 enabled quantification of axial compressibility, while configurations 7-8 mimicked loading combinations implicated in clinical cases of HNP. Postures were achieved using a custom jig (Fig. 1 ) comprising a set of four lowfriction casters to dissipate longitudinal forces, an articulation plate, and a tilting vise (Walter Meier, La Vergne, Fig. 1 Image of custom jig to impose postures implicated in disc herniation on motion segments. Linear actuator lowers and each of four caster rollers make contact with plate sitting atop motion segment (positioned with anterior side on the left in this image) to impose compression and flexion angle, h TN, USA) in combination with a servo-hydraulic linear actuator (MTS Systems, Eden Prairie, MN, USA). Annular tissue strain was measured using 4 insect pins inserted into the posterolateral corner. Pin location was captured via photography and analyzed to calculate finite tissue strain [9] , with a predicted maximum error of 3 % based on human input variability and the 1.5 megapixel camera resolution. Intradiscal pressure (IDP) was measured using a pressure-tip catheter (Gaeltec, Isle of Skye, Scotland) measuring 1.33 mm in diameter that was carefully inserted into the nucleus through the lateral aspect of the annulus and verified via X-ray. Each loading case was held for 30 s and data during the final 5 s were averaged.
Flexibility testing
Each specimen was subjected to non-constraining pure moment loads using a custom apparatus [10] comprising a system of pulleys, cables and a free-sliding base in combination with the servo-hydraulic linear actuator. Specimens were loaded in 2 Nm increments at 0.5 Nm/s to a maximum of 8 Nm for flexion and 6 Nm for extension, lateral bending, and axial rotation. Each moment increment was held for 30 s to allow for creep deformation. Vertebral three-dimensional kinematic response was measured using an optoelectronic motioncapture system (Northern Digital, Waterloo, Canada) and reported as Euler angles.
Post-test analyses
After testing, specimens were removed from their resin encasement, cut through the mid-sagittal plane, and visually classified using the five-category degenerative Thompson grading scheme [11] according to gross morphological features (Grade 1 = healthy and non degenerated; Grade 5 = severely degenerated). Nucleus samples were then excised to quantify GAG content using the dimethylmethylene blue (DMMB) assay [12] .
Insect pin locations at each load step were used to calculate the annular axial, circumferential, and shear components of the two-dimensional Lagrangian strain tensor, E, by examining changes in the distances and shear angles between pin pairs (Fig. 2 ). Strains were expressed relative to unloaded specimen strains in pre-swelled baseline tests. According to finite strain theory, the components of the strain tensor were calculated as:
Annular strain in the direction of collagen fibers (E fiber ) was determined as strain in the direction of the unit vector, f, which is aligned with the outer annulus fibers ( Fig. 3 ):
The 'transition flexion angle' (TFA) represents the flexion angle where E fiber reaches 4 %, at which point the collagen deformation transitions from elastic to plastic and may induce tissue failure [13, 14] . ROM and stiffness were calculated in each principal direction; for bending flexibility, ROM was calculated as the Euler angular rotation of motion segments at the highest applied moment, relative to a neutral posture. For axial compressibility, ROM was calculated as the axial deflection under full TW application. Stiffness was calculated as the inverse slope of a trend line applied to the extensible zone of the load-response curve (Fig. 4) . All statistical analyses were performed using commercially available software (JMP, Version 7.0, SAS Institute Inc.). Pre-vs. post-swelling values were compared using paired one-tailed t tests. Linear regression analysis was performed for cases with continuous explanatory and response variables. Non-parametric ANOVA assessed differences in continuous variables among degeneration groups. Significance level was set at p \ 0.05, while trends were defined when 0.05 \ p \ 0.1. Grubbs' test for outliers was performed on potentially spurious data. Z values were calculated as the difference between the outlier and the mean divided by the standard deviation, and compared to tabulated critical Z values. 
Results
Post-swelling changes in measured properties are provided in Table 2 . Disc height was significantly increased postswelling (p \ 0.001). The extent of hydration was represented by the increase in disc height (DH %) from baseline to swelled states, and ranged by specimen from 4 to 23 %, mean 14. varied positively with DH % as a trend (R 2 = 0.41, p = 0.09).
Increases in DH % led to increases in E fiber under various testing conditions. When subjected to TW plus 3°fl exion, E fiber correlated positively with DH % as a trend (R 2 = 0.40, p = 0.09). This swelling-induced increase in surface strain became more pronounced with greater degrees of flexion. Under TW plus 7°flexion, E fiber correlated positively with DH % (R 2 = 0.58, p = 0.03; Fig. 5c ). However, under TW plus 10°flexion, E fiber and DH % were not significantly correlated. Variation in DH % did not explain variation in changes in E fiber under TW loading without flexion (R 2 \ 0.15, p [ 0.1). The relationship between E fiber and flexion angle was well described by a second-order polynomial, which was used to predict specimen TFA. TFA decreased with swelling and correlated negatively with DH % (R 2 = 0.41, p = 0.09; Fig. 5d ). A graphical interpretation of shifts in TFA is provided (Fig. 6) .
Changes Fig. 5f ). Motion segments straightened with disc height as indicated by loss of disc wedge angle (R 2 = 0.27, p = 0.04; Fig. 5g ) and a greater increase in posterior than anterior disc height (17 vs. 5 %, p = 0.04). The loss of disc wedge angle led to decreased ROM in flexion (R 2 = 0.94, p \ 0.0001; Fig. 5h ) and decreased stiffening in extension (R 2 = 0.65, p = 0.04; Fig. 5i ). No significant correlations were found for extension ROM and flexion stiffness with wedge angle. None of the specimens in the current study had a Thompson degeneration grade 1 or 2. Proteoglycan content within the nucleus was 100.3 % greater in grade 3 specimens (N = 4; 6.64 % dry weight) than in grade 5 specimens (N = 5; 3.31 % dry weight, p = 0.0146).
Discussion
The results of this cadaveric study indicate that swellinginduced disc height increases (comparable to those reported for long-duration space flight) stiffen the spine and elevate annular strain and nuclear pressure during forward Fig. 3 Schematic of motion segment and superimposed Cartesian coordinate system whose origin represents location of strain measurement. Coordinate system transformation of 30°is applied to determine tissue strain in the direction of collagen fibers Fig. 4 Nonlinear moment-response curve for Specimen 1 showing joint stiffening as physiologic loads increase. The neutral zone was defined as the region of the curve from 0 to 2 Nm applied moment. Range of motion was calculated as the angular rotation of motion segments at the highest applied moment. Stiffness was calculated as the inverse slope of a trend line (thick dashed line) applied to the extensible zone bending. Given the vital role of the annulus in the localization of nuclear material and prevention of HNP [16] , these significant strain and pressure increases may help explain elevated HNP rates post-flight. While prior studies have shown correlations between hydration of excised annulus tissue and annulus tensile properties [22] [23] [24] , this is the first whole-disc experiment linking disc swelling with changes in motion segment biomechanics and disc tissue pressure and strain. We also extend upon prior work conducted on the effect of diurnal disc height fluctuations on biomechanics to include disc height increases likely experienced during spaceflight. Given that astronauts experience a stature gain that is twice that observed during bed rest [8] , we may expect disc height increases to similarly be about twice those observed during bed rest. Headdown tilt bed rest increases disc height by 0-10 % [29] , Fig. 5 Post-swelling fold changes in a flexion stiffness, b flexion ROM, c E fiber after swelling for specimen subjected to TW plus 7°fl exion, d transition flexion angle, e pressure change during TW plus 7°flexion both with and without inclusion of outlier, f pressure change under 8 Nm pure flexion, and g loss of wedge angle with increasing disc height change; post-swelling changes in h flexion ROM and i extension stiffness with loss of disc wedge angle Fig. 6 Example of left-ward shifting of curve fit from a 17.6 % increase in disc height. Transition flexion angle is decreased from 9.2°t o 6.3°in this case and thus our disc height increases of 4-23 % are relevant for expected values during spaceflight. Furthermore, the biomechanical trends we identified by varying disc height may be incorporated into future spine models. Findings from this study may also be relevant for non-astronauts by providing insight into increased lumbar stiffness and risk of injury in the morning after overnight disc swelling [6] .
Forward bending is implicated in HNP, and we observed a positive correlation between DH % and both increased stiffness and decreased ROM in flexion, likely due to axial pre-strain in the annulus and paraspinal ligaments. We also observed large strain increases with increased disc height when each herniation posture was considered separately. As a general rule, a *50 % increase in E fiber was observed in flexed/compressed motion segments with 15-20 % disc height increases. Furthermore, the elastic limit of fibers was reached earlier under supraphysiologic swelling conditions, as indicated by decreased TFA. These results suggest that post-flight astronauts may be more likely to strain their annular collagen fibers past the elastic limit than the general population performing the same activities, thus accelerating accumulation of tissue damage and increasing failure risk. The highest fiber strains during physiologic movement occur in the posterolateral annulus [17, 18] , so tissue failure may initiate in this region via plastic deformation of fibers repeatedly stretched beyond their elastic limits.
It should be noted that the discs may have swelled past physiologic values during the 2 h of pre-swelling due to the absence of load, and thus the pre-swelled 'baseline' condition does not necessarily represent an in vivo condition. However, we report all data as ratios, and pre-swelled baseline data for ROM in flexion (6.4°± 2.2°) and lateral bending (3.4°± 1.8°), E fiber under 7°flexion (3.1 ± 1.5 %), and average TFA (8.3°) all fell within previously reported ranges [17] [18] [19] . The 2 h free-swell time we allowed between strain and flexibility tests was likely sufficient to recover water loss based on prior studies. For example, Dhillon and coworkers applied a 1 MPa stress for 20 min and found that disc height had begun to plateau after a 40-min recovery time [15] . In our study, the applied loads were much smaller (less than 0.5 MPa) and were held for only 30 s; thus, we are confident that a 2 h recovery time was sufficient.
Our results show an increase in IDP with disc swelling under flexion and compression. Pre-swelled baseline IDP data compared well with in vitro and in silico studies [20, 21] . Generation of abnormally high nuclear pressures may facilitate migration of nuclear material through strained annular layers.
Numerous bed rest studies have reported decreased lumbar lordosis following bed rest [25, 26] , while others have reported increased or unchanged lordosis [29, 31] . We observed a loss of disc wedging angle with increased swelling, indicating a straightening of the spine. Lumbar lordosis is influenced by upper body weight [27] and thus may not be maintained in microgravity conditions. Loss of lordosis presumably adds an additional pre-strain on the posterior annulus and may contribute to the measured decrease in flexion ROM. These lordosis changes contribute to overall spinal lengthening, and may play a part in the increased herniation risk following spaceflight.
Despite its novel features, the current work has a number of limitations inherent to cadaveric studies. The most important limitation was a challenge in accurately representing muscle-derived constraints. Postural musculature provides a protective factor against exceeding flexion limit [28] and is known to atrophy during space flight and bed rest [26] . To isolate the effect of swelling on bending stiffness, we used a pure moment testing protocol such that the loading boundary conditions remain equivalent between tests [33] . To assess the effect of swelling on annular strain and nucleus pressure, we utilized a second testing protocol that compressed the specimens while they were constrained to set flexed positions [4] . This second test more closely mimics lifting in a flexed posture with active trunk muscles. However, the compressive stresses applied in this second test are relatively low (0.3 MPa) compared to those recorded in vivo during activities of daily living (0.5 to 1.8 MPa for activities in upright postures) [30] . Another limitation is the small sample size and accompanying low statistical power for detecting significant correlations. This precluded a more thorough investigation of age-dependent herniation risk. We were able to observe clear trends, but larger studies may help verify the current findings. Lastly, we did not test specimens from the cervical spine, in which post-spaceflight herniation risk is even more markedly increased than in the lumbar spine [1] . In general, there is a lack of post-spaceflight data for the cervical spine, and future studies should address this need. Notwithstanding these shortcomings, we observed significant relationships between disc swelling and factors associated with injury risk (nucleus pressure and annular strain) that highlight potential causal relationships between microgravity exposure and post-flight back pain and disc herniation.
In conclusion, we observed that swelling-induced increases in disc height led to increases in annular strain and nuclear pressure during spinal movement, suggesting that individualized measures of DH % (obtainable by ultrasound in space [8] ) provide insight into herniation risk. Our data suggest that astronauts should limit flexion activities upon returning to Earth until re-acclimation to gravity loading so as to prevent overloading tissue that is already susceptible to damage accumulation and HNP. Increased disc height, disc volume, and intervertebral length following 21 and 60 days of bed rest do not return to pre-bed rest values until at least 5 months and 2 years later, respectively [29, 32] . This suggests that astronauts may expect the biomechanical changes observed in our study to persist for months or years following spaceflight, and the recovery time may depend on mission duration. HNP risk also varies by disc quality, suggesting that DH % could be used as an indicator for when crew may safely resume unrestricted activities post-flight. Finally, by demonstrating relationships between DH %, posture, spine stiffness, and disc pressure/strain, this current study may help to develop countermeasures for mitigating deleterious microgravityinduced changes and optimizing post-flight reconditioning protocols.
